I. INTRODUCTION
The field of molecular electronics offers one possible solution to the problems faced by silicon technology as device miniaturization continues into the nanoscale regime. [1] [2] [3] [4] [5] [6] [7] [8] Some of the most interesting recent research in this field addresses the creation and detection of spin-polarized electron transport through a variety of molecular-scale conductors, including single and multiwalled carbon nanotubes, 9 semiconductor quantum dots connected by a molecular bridge, 10 organic thin films, 11 and self-assembled organic monolayers. 12 Organic molecules and films are especially promising building blocks for spin-polarized molecular electronic devices because the spin-coherence length can be much larger than in metals and traditional semiconductors. Of course, achieving large spin-coherence lengths require using thin films in which transport is controlled by just a few layers of molecules. Moreover, the spin-orbit interaction and spin-flip scattering are generally weak in organic molecular systems, an important advantage for applications in molecular spintronics.
There have been several theoretical efforts aimed at understanding how electron transport through a molecular junction is affected by the relative magnetic alignment of its two metallic contacts. [13] [14] [15] [16] [17] [18] [19] [20] [21] Many of these calculations showed that by changing the magnetic alignment of the contacts one could substantially affect the electronic current in the molecular circuit. In one example-a single benzene-1-4-dithiolate ͑BDT͒ molecule between two Ni clusters-parallel magnetic alignment led to significantly higher current ͑by one order of magnitude͒ than antiparallel alignment, suggesting the possibility of a molecular spin valve. 15 Indeed, recent experimental progress in measuring magnetotransport properties in organic thin films 11 and in self-assembled organic monolayers 12 shows that measurement of spin-polarized transport in single molecules is not far off.
One interesting, yet unresolved, issue regarding these findings is the role played by the molecular bridge itself in the spin-polarized electron transport. Even in the absence of the molecule, one would observe spin-dependent electron tunneling between two magnetic contacts placed in close proximity. The extent to which the physical and electronic structure of an intervening molecule also affect the electron transport is not obvious. In this paper, we address this issue by investigating the role of a non-magnetic molecular bridge in the spin-polarized electron transport between two magnetic contacts. Specifically, we ask to what extent low-energy deformations of the geometrical conformation of the molecule control its transport properties.
We address this question using the simple, yet physically plausible, example shown in Fig. 1 . The complete system consists of a single 1,12-tri-benzene-dithiolate ͑TBDT͒ molecule attached between two magnetic nickel contacts, which are themselves attached to semi-infinite gold leads. The TBDT molecule itself is a short molecular chain consisting of three benzene molecules, linked by single C-C bonds and terminated by sulfur atoms at either end. The sulfur atoms help to anchor the molecule to the metal contact. Each Ni contact consists of a cluster of three Ni atoms. Using such a small cluster makes the formation of magnetic domains less likely than in larger clusters; in practice we find this strategy works well.
To calculate the spin-polarized current-voltage ͑I-V͒ characteristics of the TBDT molecular bridge, we use densityfunctional theory 22 and the Landauer-Büttiker multi-channel formalism. 23 The low-energy conformational deformations that we consider here are rotations of the central benzene molecule about the TBDT long axis. In the ground state of the system, the central molecule is rotated about this axis by approximately 40°, relative to the plane of the neighboring benzene molecules. We investigate rotation angles from 40°t o zero, ultimately forcing the TBDT molecule into a higher-
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Ni S C S Ni Au energy coplanar conformation. For each angle we calculate the I-V characteristics for both parallel and antiparallel alignment of the magnetic Ni contacts.
As described in detail below, we find that the magnetoresistance is very sensitive to the conformation of the TBDT molecular bridge. In the ground-state conformation, the total current is higher for antiparallel Ni alignment than for parallel alignment. However, by forcing the TBDT into a coplanar conformation this relationship is reversed, with the current now higher for parallel Ni alignment. Thus, we find that even the sign of the magnetoresistance can be changed by deformation in the molecular conformation.
The rest of the paper is organized as follows. Our theoretical methods are described in Sec. II, followed by the results and discussion in Sec. III. Section IV summarizes our main results with a brief conclusion.
II. THEORETICAL METHODS
For computational purposes we partition the system shown in Fig. 1 into two regions. The first region consists of the TBDT molecule plus the two Ni clusters representing the magnetic contacts. The second region consists of the two semi-infinite Au leads, each of which we represent using a single "dressed" Au atom. The left and right Ni clusters act as a spin polarizer and analyzer, respectively. We used density-functional theory ͑DFT͒ ͑Ref. 22͒ to calculate the ground-state physical and electronic structure of the TBDT molecule attached to the two Ni clusters.
The DFT calculations were performed in the gradientcorrected local-spin-density approximation with Becke's three-parameter hybrid functional B3LYP, which includes Hartree-Fock exchange and Lee-Yang-Parr exchange and correlation functionals, as implemented in GAUSSIAN 03. 24 We used all-electron 6-311+ G* basis functions for carbon, sulfur, and hydrogen atoms, and LANL2DZ ͑Los Alamos effective core potential with double zeta͒ basis sets for Ni and Au. The convergence criterion for self-consistency of the total energy was taken as 10 −8 Hartree. The transport calculations were carried out in the regime of low bias, using the multi-channel formalism of LandauerBüttiker based on the Green's function. 23 We neglect the effects of incoherent and spin-flip scattering because spin-orbit and hyperfine interactions in this molecular system are weak. Hence, the total current is simply the sum of spin-up ͑↑͒ and spin-down ͑↓͒ currents:
͑1͒
The limits of integration are the electrochemical potentials of the Au contacts, 1 and 2 , under the applied bias voltage, V b . For the strongly coupled molecular system we are considering, the potential drop is expected to be equally distributed between the left and right contacts. Thus the electrochemical potentials can be taken to be 1 = E f − eV b / 2 and 2 = E f + eV b / 2, where E f is the bulk Fermi energy for Au. E is the injection energy of the electrons and f is the Fermi distribution function.
The transmission function T ↑,↓ appearing in Eq. ͑1͒ represents the sum of transmission probabilities for electrons transmitted through the molecule, and is calculated from the Green's functions. 15, 23 The Green's function ͑G͒ is evaluated from the effective Hamiltonian of the extended molecule ͑H͒ and self-energy functions ͑⌺͒ as 
III. RESULTS AND DISCUSSION

A. Structure and energetics of molecular region
We begin by determining the ground-state structure of the TBDT molecular region described in Sec. II. Initially, we take the two Ni contacts to have parallel magnetic alignment. In the resulting equilibrium geometry we find that the central benzene ring is rotated by approximately = 40°relative to the plane of the neighboring benzene rings. To study deformations away from this minimum we performed a series of calculations, each with fixed molecular geometry, in which the central benzene molecule was rotated rigidly about the long molecular axis. Figure 2 shows the resulting variation of the total energy with rotation angle. The energy difference between the ground state ͑ =40°͒ and the co-planar conformation ͑ =0°͒ is 230 meV. This is much larger than the thermal energy available at room temperature. In the next section, we return to the question of the extent to which such conformational changes can be induced by applying an external field.
B. Transport
Using the Landauer-Büttiker approach described in Sec. II, we calculated the I-V characteristics for several different rotation angles . We discuss first the case of parallel magnetic alignment of the Ni contacts. The results for five different values of are shown in Fig. 3 . Two comments are in order. First, the current is generally largest when the TBDT molecule is constrained to the coplanar conformation ͑ =0͒. Except at very low bias ͑below 0.2 V͒, the current is reduced as the angle is increased, and reaches its minimum value at the equilibrium geometry ͑ =40°͒.
To understand this variation of the current with angle, we have analyzed the density of states ͑DOS͒ near the Fermi level for the two extremal cases, = 0 and 40°, focusing on bias values larger than 0.2 V. As shown in Fig. 3 , the planar conformation leads to a significantly larger DOS near the Fermi level than does the ground-state conformation. The origin of this increased DOS is the strong -conjugation found in the planar conformation, which provides efficient pathways for electron transport. Rotating the central benzene ring breaks the -conjugation, resulting in a reduced current. As shown in Fig. 4 , the highest-occupied-molecularorbital ͑HOMO͒ and lowest-unoccupied-molecular-orbital ͑LUMO͒ plots strongly establish the breaking of conjugation by rotating the central benzene ring. The transport is mainly channeled through the LUMO, where the p orbital of the sulfur is strongly hybridized with the p orbital of the carbon, as well as the d orbital of Ni. However, the difference in current in these two extreme cases can be better understood by investigating the localization of the orbital in the backbone of the 3-benzene rings. It is evident from the orbital plots that the increase/decrease in current depends on the localization of orbital states on the backbone of the molecule. The rotation of the central benzene in the off-planar configuration weakens the -coupling ͑the -overlap being dependent upon the cosine of the rotation angle͒ between the central and terminal benzene ring as evident from the LUMO plot. This leads to the reduction in the current for the nonplanar configuration. Similar conformational effects have been shown theoretically in --molecular wires, 27 and have also been observed experimentally in porphyrin ͑Cu-TBPP͒ molecules. 28 Very recently, conformational changes created by STM tips in azobenzene molecules have been observed to lead to switching behavior. 29 Similar variations in the I-V characteristics of long chain molecules, arising from vibrational modes, have also been observed. 30 Second, we see in Fig. 3 that for angles near equilibrium the current essentially saturates for voltages between 0.5 − 0.75 V, while for angles near the coplanar deformed geometry the current continues to rise with voltage. This behavior has the interesting consequence that for voltages between 0.5− 0.75 V there is nearly an order of magnitude difference in the current for = 0 compared to = 40°, suggesting the possibility of using conformational changes to control a molecular variable resistor ͑potentiometer͒. The energy required to create this particular deformation is ϳ230 meV, much larger than the typically available thermal energy. One possible way to create such a deformation is with an applied electric field. As an example, we find that an applied electric field of 0.5ϫ 10 6 V / cm perpendicular to the molecular axis changes the equilibrium value of by about 5°.
We now compare the transport behavior for parallel and antiparallel alignment of the magnetic Ni contacts. A comparison of the I-V characteristics for parallel and antiparallel alignment is shown in Fig. 5 for two extremal cases, =0 and 40°. For = 0 the current for antiparallel alignment is smaller than for parallel alignment. For = 40°the situation is reversed: the current for antiparallel alignment is now larger than for parallel alignment. This reversal of current can be understood from the inspection of the coupling between Ni and S, and between S and C atoms. In contrast to the planar configuration, for the non-planar configuration, the couplings between the d state of Ni and p state of S, and between the p orbitals of S and C are stronger in the antiparallel configuration than that in the parallel configuration. This leads to an increase in current in the case of off-planar antiparallel configuration.
To quantify this behavior in more detail, we define the junction magnetoresistance ratio ͑JMR͒ at each voltage as
where I P and I AP are the total currents for parallel and antiparallel magnetic alignment, respectively. 19 Figure 6 shows the resulting JMR as a function of voltage, for several rotation angles . The JMR is generally largest ͑more positive͒ for the most coplanar conformations, becoming smallerand eventually negative-as the rotation angle approaches its equilibrium value. There is also a sizable dependence of the JMR on voltage for all angles.
To characterize the crossover of the JMR from positive to negative in more detail, we have computed the conductance ͑dI / dV͒ as a function of , using the low-bias linear regime of our calculated I-V curves. Figure 7 shows how dI / dV varies with for both parallel alignment and antiparallel alignment. It is clearly evident that the variation of the conductance with rotation angle is opposite for the two alignments: for parallel alignment the conductance decreases with angle, while for antiparallel alignment the conductance increases with angle. A crossover in the conductance occurs between 20°and 25°.
IV. CONCLUSIONS
We have investigated theoretically the spin-polarized transport properties of the 1,12-tri-benzene-dithiolate molecule coupled to two magnetic nickel contacts, focusing on the consequences of low-energy structural deformations for transport. We find that the current-voltage characteristics and magnetotransport properties are very sensitive to low-energy deformations in which one of the three benzene rings is rotated away from its equilibrium configuration. Specifically, we find that the total current ͑at fixed voltage͒ can be changed by factors of two or more for deformations costing of order 100 meV. The junction magnetoresistance is even more sensitive to molecular conformation, with changes even in the sign of the magnetoresistance expected for modest structural deformations. Recent experiments revealing the important role for molecular conduction played by conformation 28 strongly suggest that our theoretical findings are not unique to the system studied here, but indeed can be anticipated to be common to a large class of molecular-scale conductors.
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